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Abstract
The indigo method for the analysis of aqueous oamae modified to allow analysis of
dissolved ozone in non-aqueous liquid phases. Ththad was tested using the solvent
decamethylcyclopentasiloxane 245 and a vegetabl@loé molar absorptivity at 600 nm of
the indigo trisulphonate molecule was re-checkedi fannd to be 20,069+412 L mbtm™*
which is in agreement with the generally acceptaldie. Linear correlation between liquid
phase and gas phase o0zone concentrations confirthatd ozone solubility in
decamethylcyclopentasiloxane 245 obeyed Henry's lawith a constant of
1.71+0.09 mg L} per mg [* in the gas phase. Ozone solubility in the vegetablifollowed a
power law model withk=0.148 andn=0.767 (liquid and gas phase concentrations in

mg LY). The stoichiometry of the reaction between ozomé¢he non-aqueous phase and
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indigo trisulfonate in acidic solution was also fioned as being about one. Moreover, the
reaction products were confirmed by chromatogragmnelysis. This method was found
effective to analyse ozone in non-agueous solvents a lower limit of detection of

2.6 pg L and upper limit of detection of 142.7 mg.L

1. Introduction

The use of ozone in water and wastewater treatoes back to the end of the™&ntury
and is now commonplace as it has many advantagasotiver treatment methods, including
being generatedh situ and normally leaving no residues or by-productsepk bromate,
however there still exist some hurdles which mwesblercome if the use of ozone in water
treatment is going to continue to grow (Gottschetkal., 2010). Traditionally, it has been
difficult to expose contaminants of water to higivdls of ozone due to ozone’s relatively
poor solubility in water (~0.2 mgtper mg ! in the contacting gas phase at@pand it is
still expensive to generate in large quantities Vet al., 2003; Ward et al., 2005). It has
been proposed that contacting contaminated watéram ozone loaded solvent may serve to
increase the extent of degradation of contamindntsallowing them to contact with more
ozone than in ozonated water alone through massféraof ozone and/or the contaminants
across the liquid-liquid interface, the two immisdei liquids can then be separated by gravity
and the solvent reloaded with ozone for reuse. Wlrer of investigations have been carried
out in order to observe the effectiveness of thethod of contaminant removal by ozone
(Chang and Chen, 1994; Bhattacharyya et al., 18856a et al., 1995; Freshour et al., 1996;
Ward et al., 2003; Ward et al., 2004; Ward et 2005; Gromadzka and Nawrocki, 2006;

Ward et al., 2006).
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There has also been interest in using ozonateesishsuch as vegetable and olive oils for
other therapeutic or medical applications; althotighbehaviour of these “Criegee ozonides”
is not fully understood in this context, their higloxidative nature can be exploited for
pathogen destruction with the subsequent generatibroxygen encouraging healing

including that of cutaneous wounds (Bocci, 2002nkat al., 2009; Travagli et al., 2010).

It has been previously determined that the solvdetamethylcyclopentasiloxane 245
(PMX-0245) is capable of dissolving ten times mozene than water can when exposed to
the gas at a given partial pressure (Ward et @03 This property of the solvent, in addition
to its low vapour pressure (< 5.3 mmHg), low totidiLDsp oral rats = 2 g/kg), low water
solubility (17 pug/L) and resistance to ozone att@akard et al., 2004) have resulted in the
liquid being the solvent of choice for a numbetigfiid-liquid/ozone experiments carried out

by Ward et al.

Ward et al. (2003) were able to determine the aoinaBon of ozone dissolved in samples of
PMX-0245 by constantly measuring the concentratibnzone liberated into the gas phase
when pure gaseous oxygen was passed through thensaintil the gas phase concentration
fell to zero. These measurements were carriedoaitciosed system and required the use of a
data logger in order to accurately record the datr the time period. Although a simple
procedure to carry out given the context and setupe investigation, the procedure does not
lend itself well to the batch wise analysis of enpte of PMX-0245 taken from a continuous
process due to; a) transferring a sample of salutito the reaction vessel could easily cause
turbulence and result in liberation of the dissdhwezone into the open atmosphere, b) the
measurements are time consuming and require tlegraiton of a large number of data

points, and c) ozone has been found to be staltheigolvent for up to only 10 minutes with
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a 50 % decrease in dissolved ozone concentratten 26 minutes (Ward et al., 2003). It is
hence desirable to develop a method of analysistwikiquick to perform, minimises the risk
of liberation of gaseous ozone from the solvend, iarstable for a reasonable amount of time

prior to analysis, which minimises ozone loss bgoseposition.

Bader and Hoigné (1982) developed the indigo mefloodhe determination of ozone in
water. The basis of the indigo method is that ozwiie rapidly and stoichiometrically
discolour indigo trisulfonate in acidic solutionglding a linear decrease in absorbance at
600 nm with increasing ozone concentration. Thecti@@a between ozone and acidified
indigo trisulfonate solution yields both isatin-BHenic acid and isatin-disulfonic acid as
seen in Figure 1 (Bader and Hoigne, 1981) accomedahy a decrease in absorbance at
600 nm as seen in Figure 2. Although under laboyatonditions, the direct UV absorbance
of ozone can be used to quantify the dissolved tijs,method cannot be used with great
accuracy in real water samples containing orgamictaminants, nor in many organic
solvents due to the interference caused by theaaldily absorbance of such materials; the
interference from these materials at 600 nm is nieish (Rakness, 2005). The indigo method
has become a popular standard procedure for theh beise analysis of ozone in water,
having the advantages of being easy to carry any fast and provides a good balance
between cost and selectivity (Clesceri et al., 1998ttschalk et al., 2010). In addition, the
samples to be analysed via spectrophotometry haga bund to be stable for up to 4 to
6 hours after the addition of indigo reagent megurihrat measurements of absorbance need
not be taken immediately after sampling. Chiowgle{1995) expanded on the indigo method
developed by Bader and Hoigné (1982) and on otloekswby Hart et al. (1983) and Collins

et al. (1989) by utilising gastight syringes inimitar procedure; the use of gastight syringes
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in earlier investigations serving to minimise lassef gaseous ozone during sample

transportation and later acting as reaction veskelaselves.

This paper describes a modified indigo method witigh be used for the determination of
the concentration of ozone in non-agueous solvefts.this study the solvents

decamethylcyclopentasiloxane 245 (PMX-0245) ancetadge oil were used.

2. Method

2.1 Modified indigo method

2.1.1 Principle

Ozone has been shown to rapidly discolour indiggulfionate in acidic solution (indigo
reagent) linearly with increasing concentration d&aand Hoigne, 1982). In real water
samples, the characteristic absorbance at 600 nndigo reagent is easier to measure than
the UV absorbance of ozone at 260 nm. Moreovergttiection coefficient,e, of indigo at
600 nm, of approximately 20,000 L rifotmi?, is much higher than that of ozone at 260 nm,
of approximately 2,900 L mdlcni®, which increases the sensitivity of the measurémen
(Bader and Hoigne, 1981). When contacted with thenated non-aqueous phase, ozone is
transferred to the indigo aqueous phase and acisd¢olour the indigo reagent. Being non-
miscible phases, the difference in absorbance legthwa unreacted sample of indigo solution
and that of an ozone reacted sample of indigo isoluts therefore a suitable basis for

determining the concentration of ozone in a noreags sample.

2.1.2 Reagents
The reagents used to develop the modified indigthatefor use with non-aqueous solvents

were as below. All aqueous solutions were made ii-@ water (Millipore Corp.) with
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resistivity of 18.2 M2.cm. Decamethylcyclopentasiloxane 245 (Dow, UK) aadetable oil
(Costcutter, UK) were used as the non-aqueous s@lvall other reagents were purchased

from Sigma Aldrich, UK and were of at least reaggnaide.

() Indigo Stock Solution (ISS) containing 1 mmat potassium indigo trisulfonate,
prepared as described by Bader and Hoigné (1982),

(i) Indigo Reagent Il (IR2) solution prepared as désctiby Bader and Hoigné (1982),
(i) Indigo Reagent 1l (IR3): approximately 25 maf deionised water was added to a
100 mL volumetric flask. 20 mL of ISS was then adlde addition to 0.7 mL
concentrated phosphoric acid and 1.3 g of sodiumyddogen phosphate dihydrate.
The flask was made up to the 100 mL mark with degxh water and stored in the
dark. The pH of this solution and that of IR2 wasasured to be 1.80. IR3 was not
used in the development of the indigo method byeBahd Hoigné and had to be

developed for use in this modified version; it &l the quantification of

concentrations of dissolved ozone which are ugvicet as high as IR2 would allow.

The reagents used for the determination of ozodigan reaction stoichiometry and
by-products were:

() 0.2 mmol ! isatin-5-sulfonic acid in acidic solution: 10 mLf dl mmol L*
isatin-5-sulfonic acid stock solution was measusad added to a 50 mL volumetric
flask. 0.6500 g of sodium dihydrogen phosphate dfiéite was carefully weighed and
added to the volumetric flask in addition to 0.36D of phosphoric acid. The
contents of the flask was then made up to the 50mmakk with deionised water,
shaken together and stored in the dark until use.pH of this solution was measured

to be 1.80.
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(ii) 0.2 mmol ! indigo trisulfonate in acidic solution: as abov@mever, 10 mL of ISS

was used instead of 10 mL of 1 mmat isatin-5-sulfonic acid stock solution.

2.1.3 Determination of the extinction coefficiemtrdigo trisulfonatesing

Ten volumes of indigo stock solution ranging in @InL intervals from 0.100 mL to
1.000 mL were added to 10 mL volumetric flasks amatle up to the mark with deionised
water. The absorbance at 600 nm of each solutiors wWen measured using a
spectrophotometer (Agilent 8543 G1103A) with a tmaell of path length 1 cm, and plotted
against molar concentration of indigo trisulfondbe value ot was then found from the
gradient of this plot. These measurements wer@padd in triplicate using different batches

of indigo stock solution to assess reproducibility.

2.1.4 Open vessel experiments

Initial experiments which required mixing of theawquid phases in open reaction vessels
were found to be highly unreliable and gave risergproducible results. It was decided that
in order to minimise off-gassing of dissolved ozémen the PMX-0245, ozone-inert gastight
syringes should be used both to sample the ozomsalednt and to act as reaction vessels.
The syringe used was an SGE Analytical GastightnlLGyringe with PTFE tipped plunger
and push-button valve. The valve served to lockdbetents of the syringe inside whilst

mixing or standing. All materials in contact withane were glass, stainless steel or PTFE.

2.1.5 Spectrophotometric determination of dissolvegne in non-aqueous solvent
The development of this method was conducted prynavith a focus on the solvent
PMX-0245. Due to differences in the behaviours BX4¥20245 and vegetable oil, different

volumes of each liquid and different ozonation meere used.
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The tare weight of a gastight syringe was foundheut the needle attached. The needle was
only attached to the syringe in order to withdramples of indigo solution and non-aqueous
liquid phase, weighing of the syringe and dispemsihthe samples was carried out without
the needle attached in order to avoid weighing disgensing of an unreacted volume of
liquid held up inside the needle. The syringe wentfilled with approximately but no less
than 6 mL (5 mL for vegetable oil) of IR2 and a@atety weighed a second time allowing for

determination of the mass of IR2 by difference.

Ozone was generated by a BMT Messtechnik 803 Ofdewmerator (BMT-Messtechnik,
Germany) from compressed oxygen cylinder (BOC, UK)e primary method of controlling
the concentration of ozone in the gas was via thveep dial on the ozone generator however,
when lower gas phase concentrations of ozone vegra@red, the outlet from the generator
was blended with a stream of pure oxygen whichesketo dilute the gas phase. The gas was
directed to a BMT Messtechnik 963 Ozone AnalysaM{BMesstechnik, Germany) and the
concentration of ozone in the gas was recordedgdisestream was then diverted away from
the ozone analyser and through a diffuser into mpsa of approximately 40 mL of
non-aqueous phase for 20 minutes (1 hr for vegetall) with stirring carried out by
magnetic mixer and stir bar at 600 RPM. After ttimse the gas was directed back to the
ozone analyser, the concentration of gas phaseeoz@s recorded a second time and the
average of the two readings was taken. Figure 3wshthe apparatus used in this

investigation.

After ozonation, a sample of up to 3 mL of ozond@ddX-0245 or 5 mL of vegetable oil was
drawn into the syringe, the syringe valve was ttlesed and the syringe shaken by hand for

30 seconds to ensure good mixing of the two ligahidses. The syringe was then left to stand
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upright, with the plunger uppermost, in a suital@ssel to allow the two phases to separate
for 5 minutes and then accurately weighed a thine to find the mass of added non-aqueous
phasems, by difference. In some cases, separation ofwleeliquid phases had to be aided
by centrifugation using a bench top microcentrifugpendorf mini-spin, Hamburg,
Germany) at 5,000 RPM for 2 minutes. A sample efdiscoloured indigo reagent was then
added to a test tube, taking care to ensure thatagueous phase was added by disposing of
the first few drops from the syringe, and storethi dark until analysis for not longer than 1
hour. This procedure was repeated at various ozoneentrations in the gas phase ranging
between 2.4 g/fiINTP (NTP: OC, 1 atm) and 70.2 gfilNTP. Once all samples had been
collected, their absorbance at 600nAh%00);, Wwas measured using the spectrophotometer.
The absorbance of a sample of unreacted IRBssfp)o, was also measured in order to
determine the decrease in absorbance of the readatples. All measurements of
absorbance were made relative to a blank of deednigater. The concentration of ozone in
each sample of non-aqueous phase was then cattulateg Equation 1 assuming that

PMX-0245 and vegetable oil are insoluble in water.

C. = Ps Ming M03
s =
Pina Mg gindL

[(Abseoo)o - (Ab5600)f]

[1]
where: G is non-aqueous phase sample ozone concentratigrL in ps and ping  are
densities of non-aqueous phase solvent and ingiggent solution respectively (), Mg
andm are respective masses of indigo reagent solutidman-aqueous phase solvent added
to syringe (g),Mos is the molecular mass of ozone (48,000 mg/m®l),is the extinction
coefficient of indigo (20,069 L mdlcm®) L is path length of cell (1 cm)Abssu)o is

absorbance at 600 nm of indigo reagent solution(Ahbsky); is absorbance at 600 nm of the

discoloured indigo reagent solution sample.
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When analysing for high concentrations of ozon¢hm non-aqueous phase, IR3 was used
instead of IR2 and the volumes of agueous and gaeaus phases added to the syringe
adjusted accordingly(Abssoo)s was then found by diluting IR3 by a factor of 10gamsuring

its absorbance and then multiplying this value 0y 1

2.1.6 Indigo transfer into the non-aqueous solypdaise

The absorbance of IR2 at 600 nm was measured. Bireel samples of the same indigo
solution were mixed with equal volumes of non-agquephase at 600 RPM for 5 minutes.
The liquids were then transferred to a separatumgpél and allowed to settle for 10 minutes
prior to measuring the absorbance of the IR2 argkdone, additional separation of the
liquid phases could be carried out by centrifugatidny decrease in measured absorbance
was assumed to be due to transfer of indigo tosalfe from the agueous solution into the

non-aqueous phase.

2.1.7 Stability of ozonated indigo solution ovendurs

A sample of 40 mL IR2 was ozonated by bubbling @ygontaining ozone through the
solution with shaking by hand until partial disaslation had occurred, compressed air was
then bubbled through the solution to remove anyeacted ozone and the absorbance at
600 nm measured. The solution was then storeceinldink and its absorbance measured once

every hour for six hours.

2.1.8 Effect of temperature on indigo solution abaace

Five samples of 3 mL of IR2 were prepared in tabes and either cooled or warmed such

that 5 samples of different temperatures betweeiC 1&d 36C were obtained. The

10
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absorbance of each sample at 600 nm was then redasumediately followed by the

temperature of the sample using a digital thermemet

2.1.9 Limits of detection

The lower limit of detection (LLOD) of ozone in tim@n-aqueous solvent phase was taken to
be the equivalent concentration of ozone requicechtise the minimum detectable decrease,
with reasonable certainty, in absorbance of a samapindigo solution at 600 nm (IUPAC,
1997). The minimum detectable decrease in absoebainadigo solution was determined by
multiplying the spectrophotometer noise by a fadbthree and subtracting this from the
initial absorbance of the indigo solutiofAbssw)o, for each sample. The noise of the
spectrophotometer was determined from the standiewdhtion of the absorbance at 600 nm
of ten samples of deionised water (IUPAC, 1997) Tbpper limit of detection (ULOD) of
ozone in the non-aqueous solvent phase was takéme tve equivalent concentration of
ozone required to cause the maximum detectablecd®erin absorbance of a sample of
indigo solution at 600 nm. The maximum detectabéerease in absorbance of indigo
solution was determined as the difference betw@dsso)o and the minimum detectable
absorbance of a sample of indigo solution as detexinby the positive value of the
spectrophotometer noise multiplied by three. Equaf{il] was then used to convert the
minimum and maximum changes in absorbance to tmemuam and maximum detectable

0zone concentrations in the non-aqueous solvent.

2.2 Reaction products and stoichiometry
A solution of IR2 was prepared and analysed usimgAgilent Technologies 1200 series
HPLC system equipped with micro vacuum degassematasampler. The column used was

a Thermo Scientific Hypersil GOLD 150 mm x 4.6 mrh8Ccolumn with particle size of

11
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5um. The mobile phase solvents used were: (A) 20 mivhanium acetate, and (B) HPLC
grade methanol. The method was run isocraticallya anobile phase solvent ratio of
90:10 A:B, at a flow rate of 1.000 mL mirfor 15 minutes. The injection volume was 10 pL
and the column was thermostated &t etection was carried out via diode array detect
at wavelengths of 245, 250 and 600 nm. The solwtias then partially ozonated by bubbling
oxygen containing a low concentration of ozone tigiothe solution for 10 seconds. Any
ozone remaining in the solution was then removedbddybling compressed air through the
solution and a second sample was then taken fdysasaThe solution was then ozonated
further, excess ozone being removed and samples fak analysis every 10 seconds, until
the blue colour of the solution, as detected byalisnspection, had completely disappeared.
These samples were then analysed by HPLC in oodelogerve how the ratio of reactants to
products varied with ozonation time. A solution mén-buffered 0.1 mmolt potassium
indigo trisulfonate was also prepared and the alppgeedure was applied to this solution in

order to assess the role of the phosphate bufféeitR2 solution.

Calibration standards of 0.04, 0.08, 0.12, 0.16 #&n#0 mmol [* potassium indigo

trisulfonate in acidic solution and isatin-5-sulioacid in acidic solution were prepared and
analysed via the same HPLC method described alibeelatter being a product of the
reaction between indigo trisulfonate and ozone Wfégl) (Bader and Hoigne, 1981). The
retention time and peak areas of the peaks gederaéze then compared in order to
determine the stoichiometry of the reaction betwiedigo trisulfonate in acidic solution and

ozone.

3. Results

3.1 Extinction coefficient of indig@ng

12
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Figure 4 shows the correlation between absorbakidg (and concentration of indigo
trisulfonate (mol [Y). The slope of the line obtained from the tripleeaneasurements gave
the value ofepng that was found to be 20,069+412 L Mokmi'. Each of the three
experimental runs shows linear correlation anch islose agreement with the other two. The

value ofeing found in this study is close to that obtained lagl& and Hoigné (1981).

3.2 Ozone solubility
For the solvent PMX-0245, a linear correlation iasd between ozone concentration in the
gas phase (mg1) and ozone concentration in the non-aqueous sbiviease (mg ') as
shown in Figure 5(a). The relative ozone solubiltyas found to be equal to
1.71+0.09 mg L} per mg [* in the gas phase at 25+i@
For vegetable oil, the relationship between soly@mse ozone concentratidds, and gas
phase ozone concentratidy, was found to follow a power law model of the form

Cs = kC,"

[2]

where: concentrations are expressed in mgthe value ok is 0.148 and the value ofis
0.767, this result can be seen in Figure 5(b).
It was also observed that during ozonation of thgetable oil, the temperature of the oil
increased from room temperature up to a maximu9dy'C. Besides, the density at room

temperature of the vegetable oil also increasedn frapproximately 0.91 g mt to

0.93 g mLh

3.3 Indigo transfer into non-aqueous solvent phase
It was found that there was no transfer of indigsutfonate into either of the non-aqueous

phase solvents. Visual inspection of the non-agsiesalvents after mixing detected no

13
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visible colour and spectrophotometric analysishe indigo solution showed no change in
absorbance at 600 nm from its initial values of023%+0.0165 AU for PMX-0245 and

1.9583+0.0021 AU for vegetable oil as shown in €ahl

3.4 Effect of ozonation on indigo trisulfonate

IR2 solution was observed to contain three distcwnpounds with very similar UV-vis
spectra eluting from the HPLC column at approxinya®el, 4.1 and 13 minutes as shown in
Figure 6(a) (peaks 1, 2 and 3). After ozonatioe, pinesence of these three indigo derived
compounds was not observed and instead two news gesk appeared (Figure 6(b)) which
were caused by the formation of isatin-5-sulfore@gpeak 5 as determined by a standard)
and its predicted corresponding disulfonate (p&akhus confirming the assumed chemical
reaction between indigo trisulfonate in acidic $ioln and ozone. Figure 7(a) shows the linear
relationship between the absolute value of the ghaof concentration of indigo solution
used in the reaction and the concentration ofnsasulfonic acid produced; the gradient of
this plot indicates a stoichiometry of 0.93. Thiatienship between the production of each of
the two isatin-sulfonates was observed to be linedicating that they are formed in a

constant ratio to one another, this is shown Figig.

3.5 Effect of buffering indigo trisulfonate solutigrior to ozonation

It was observed that acidifying the indigo trismiébe solution with phosphate buffer to make
IR2 prior to ozonation acted to slightly increake tetention time of the compounds within
the HPLC column in addition to reducing the numbkproducts formed by the reaction of

ozone with indigo trisulfonate. Figure 8 shows cofuretention times for the compounds
present in (a) non-ozonated IR2, (b) partially a#ed non-buffered indigo trisulfonate

solution and (c) partially ozonated buffered indiggulfonate solution. Peak 6 was only

14
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observed to be formed when the indigo trisulfonsddution was not acidified prior to

ozonation. The compound responsible for causing fd@as not been identified in this study.

3.6 Sample stability over 6 hour time period
Absorbance at 600 nm of IR2 after initial ozonatweas observed to decrease linearly over a
6 hour time period by approximately 15 % however decrease after one hour from initial

ozonation was less than 5 % of the initial value.

3.7 Effect of temperature on absorbance
An increase in temperature from#I8C to 36:1°C of IR2 solution was accompanied by a

decrease in absorbance at 600 nm of less than He¥ice the effect of temperature was

neglected during measurement of indigo concentrdiijoUV/Vis spectrophotometer.

3.8 Limits of detection and precision of the praoed

The limit of detection of ozone in non-aqueous phass found to be 2.6 pg'lwhilst the
maximum was 142.7 mgL

The analytical procedure for analysing the non-agaghase ozone concentration was found
to be very precise due to the nature of the equipnused, with percentage errors in
measurements of absorbance and mass rarely gteater0.01 %. If spectrophotometric
determination of the absorbance of reacted inda@uatien is carried out immediately after
the discolouration reaction then the percentage el be less than 1 %.

The largest errors present in this investigatianexpected to have arisen during ozonation of
the non-aqueous phase and are estimated to bexapptely 5 % if spectrophotometric

analysis is carried out soon after the discoloarateaction occurs.

15



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

4. Discussion

4.1 Relative ozone solubility in PMX-0245

Henry’'s law predicts that ozone solubility in PMX245 should increase linearly with ozone
concentration in the gas phase as confirmed by \Waadl (2003). The linearity of the data as
shown in Figure 5(a) confirm Henry’s law, which icates the suitability of the experimental

procedure followed in measuring dissolved ozoneentration in PMX-0245.

4.2 Ozonation of vegetable oil

The observed increase in temperature of the velgetabover the course of ozonation, in
addition to the increase in measured density ovdgetable oil, suggests that some reaction
had occurred between the vegetable oil and theeyzdtering the chemistry of the vegetable
oil used. The reaction of ozone with unsaturatety facids such as vegetable oils and
sunflower oils is well documented and suggeststti@bzone becomes incorporated into the
molecular structure of the oil by bonding at anyGCdouble bonds to form Criegee ozonides
(Criegee, 1975); this explains the exothermic beha observed and could also account at
least partially for the increased density. Previsuglies also suggest that an increase in
viscosity would also be observed had this charetieiof the oil been measured (Diaz et al.,
2001; Tellez et al., 2006; Sega et al., 2010). Huwt that ozone appears to react with the
vegetable oil used in this experiment by attackimg C=C double bonds suggests that the
concentration of ozone in vegetable oil will chaoger the course of ozonation as a function
of the number of C=C double bonds still preserthamvegetable oil. It is important therefore
to realise that the power law type correlation obse for the vegetable oil relative ozone
solubility is only representative of ozone concatin in vegetable oil after ozonation for

1 hour and that different correlations can be etqukif the ozonation time were to change.
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4.3 Extinction coefficient

This investigation has shown that there exists semeertainty in the value ofi,q for
potassium indigo trisulfonate; the value was fotmtbe 20,069+412 L mdlcm?, this value
is close to that initially detailed by Bader andigi® (1981) of 20,000 L mdlcni® but
significantly lower than that reported by Chiouagt(1995) of 23,150+80 L mdlcmi™. It is
hence recommended that this value should be indepdy determined by any laboratory

using this procedure with each batch of potassnaiigo trisulfonate purchased.

4.4 Indigo transfer into non-aqueous solvent phase
No transfer of indigo trisulfonate into either betnon-aqueous phase solvents was observed.
This indicates that the discolouration reactiowaein ozone and indigo trisulfonate in acidic
solution occurred only in the aqueous phase anckfibre that dissolved ozone from the
non-aqueous solvent can be readily transferred ftben non-agqueous solvent into the

aqueous solvent.

4.5 Stability of method over 6 hours

This investigation suggests that after initial caioon of the indigo solution, the absorbance
at 600 nm will continue to fall steadily for a padiof up to 6 hours, this is contrary to the
findings by Bader and Hoigné (1981). The observedrease was quite gradual with a
decrease in the first hour after ozonation of léss 5 %, this suggests therefore that the
measurements of absorbance at 600 nm of samplgsedashortly after being discoloured

will not contain significant errors.

4.6 Effect of tempereature on absorbance
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The temperature of indigo reagent was found to halweost no effect on its measured
absorbance at 600 nm implying that the temperatatewhich spectrophotometric
measurements are made does not need to be camtmllerder to achieve reproducible

results.

4.7 Notes on the use of gastight syringes

The use of gastight syringes as reaction vessedousnd to make a significant improvement
to the results over those collected by mixing theéigo reagent and non-aqueous solvent
samples in an open vessel and their use is recodedeior any future work involving the
indigo method for solvents immiscible with watean$ples of non-aqueous phase analysed in
this investigation were of a much smaller volumantlihose water samples for which the
indigo method was initially intended, in additiomthe dissolved ozone concentration being
much higher, hence significant care had to be takeas to ensure complete discolouration
of the indigo reagent solutions did not occur, treédy conservative volumes of non-aqueous

phase of below 0.8 mL were in some cases requiredder to avoid this.

4.8 Limit of detection and precision of the procedu

The procedure was found to be effective at analysimone concentration in non-aqueous
phase down to a lower limit of detection of 2.6 iy The relatively low volume of
non-aqueous phase sample, when compared with flhengs of agueous sample used by
Bader and Hoigné (1981), and the fact that no idilubf the indigo solution occurs on
addition to the sample, unlike when aqueous sanmglesnalysed, allows this procedure to
be used for the quantification of ozone in non-agisephase samples at concentrations up to

an upper limit of detection of 142.7 mg L
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The greatest uncertainty in this study arose froenfact that ozone concentration in the gas
phase could not be recorded during the ozonatioceoiure, only before and after. The

greatest care was taken to ensure that the ozamerajer had reached a steady state of
operation prior to ozonation but differences betwte readings before and after give rise to
some uncertainty in these values. The error cabgdatlis is estimated to be approximately

5 % and this is in agreement with the spread afltess indicated in Figure 5(a).

The analytical procedure itself was found to hageydow errors due to the precision of the

equipment used. The use of a four figure analytiedédnce to measure the quantity of each
liquid phase inside the syringe, instead of usheydcale on the syringe barrel likely helped

reduce the associated error significantly. It isnegted that if spectrophotometric analysis of

the discoloured indigo solution is carried out intiagely after reaction and separation of the
two liquid phases, then the overall percentager esesociated with the new indigo method is

less than 1 %.

4.9 Confirmation of stoichiometry of reaction

Kettle et al. (2004) investigated the reaction naeitm between indigo carmine and ozone
and proposed the mechanism of one molecule of andégmine and one molecule of ozone
forming two molecules of isatin-5-sulfonic acid,epious works have assumed the same
stoichiometry in the reaction of indigo trisulfoaah acidic solution with ozone as a means
of measuring dissolved ozone concentration in agsisolutions (Bader and Hoigne, 1982;
Chiou et al., 1995). HPLC analysis of the reacpomducts was carried out in order to check
this stoichiometry. The five peaks shown in Figbréa & b) are caused by compounds
involved in the indigo reaction with ozone, whichade the quantification of reaction
products possible. Peak 2 was assumed to havedaesed by indigo trisulfonate from the

original potassium indigo trisulfonate powder usedhis investigation as it was the largest
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of the three peaks caused by this solution, peaka8 identified as indigo carmine by
comparing its UV-vis spectrum, as determined byHiRL.C diode array detector, with that
from the literature (Gomes et al., 2003; Torresiviaz et al., 2012) and peak 1 was not
identified but was assumed to be a third indigoveercompound due to the similarities in its
UV-vis spectrum to those of indigo trisulfonate aimdligo carmine. After ozonation to

complete bleaching, the presence of only two comgsuwas observed; peak 5 was
confirmed to be isatin-5-sulfonic acid by companmiswith a standard and peak 4 was
assumed to be the predicted corresponding isasulfdnic acid, this however could not be

confirmed experimentally due to the commercial wilability of this compound.

Isatin-5-sulfonic acid concentration (mmof)Lwas observed to increase linearly with respect
to an increase in reacted indigo trisulfonate (mhiblas seen in Figure 7(a), this served as a
confirmation of the stoichiometric ratio of the cdan between ozone and indigo trisulfonate
of approximately 0.93. This value is less thanvwhiele suggested in the literature (i.e. 1.0) by
about 7% (Bader and Hoigne, 1981; Kettle et alQ430possibly due to side reactions
between ozone and the other compounds (peaks 3 arfedgure 6(a)) and systematic errors.
In addition to this, peak areas of the peaks aieith to isatin-disulfonic acid and
isatin-5-sulfonic acid were observed to increaseairconstant ratio to one another as
ozonation time was increased (Figure 7(b)); thiwese as secondary confirmation of the
proposed reaction between indigo trisulfonate idiasolution and ozone. It is important to
note that this reaction stoichiometry was only obsé with indigo trisulfonate in acidic
solution buffered to pH 1.80. A non-buffered sadatiof indigo trisulfonate was found to not
follow the same reaction stoichiometry and addailaeaction products were formed. This is

in agreement with previous work carried out by Baaled Hoigné (1981) who found that in
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order for the reaction between ozone and indigulfionate to proceed following the above

mentioned stoichiometry, the pH of the indigo siolatshould be kept below 4.

5. Conclusions

It is concluded that this investigation has suéfitly demonstrated an adapted indigo method
for the analysis of ozone dissolved in non-aqudiousd phases in addition to confirmation
that the reaction between indigo trisulfonate amdne has a stoichiometric ratio of about
one, and hence that the proposed method is suitabline analysis of dissolved ozone in
non-aqueous phases. The use of gastight syringestinozone for the analysis of dissolved
ozone via the indigo method in any future worksals highly recommended so as to avoid

loss of ozone from liquid samples via off gassingmy liquid transfer.
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Tables

Table 1. Change in absorbance at 600 nm of aaidifidigo trisulfonate caused by transfer
of indigo into solvent phase (initial indigo contetion = 0.1 mmol [}, contact time =

15 min, T=25+1.0C).

PM X-0245 Vegetable oil

Absorbance beforeAbsorbance after Absorbance beforeAbsorbance after

contact with solvent contact with solvent contact with solvent contact with solvent

(AU) (AV) (AV) (AU)

2.0008 2.0254 1.9608 1.9547
1.9995 1.9946 1.9583 1.9589
1.9997 1.9996 1.9595 1.9573
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Figure 3. Apparatus for analysis of dissolved ozdfe compressed oxygen cylinder, (2, 3)
flow control valve, (4) electronic flow meter, (6gone generator, (6, 7) valve, (8) ozone
analyser, (9) beaker with submerged diffuser angmnestic stirrer, (10) vent through an

ozone destructor.
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